We present a linear-optical implementation of a class of two-qubit partial SWAP gates for polarization states of photons. Different gate operations, including the SWAP and entangling √ SWAP, can be obtained by changing a classical control parameter -namely the path difference in the interferometer. Reconstruction of output states, full process tomography and evaluation of entanglement of formation prove very good performance of the gates.
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PACS numbers: 03.67.Lx, 42.50.-p Quantum information processing requires precise control and manipulation of the states of quantum systems. In particular, two-qubit entangling unitary gates lie at the heart of many protocols and they are, together with single-qubit operations, sufficient for universal quantum computing [1] . The archetypal two-qubit controlled-NOT (C-NOT) gate or its equivalent has been demonstrated for several physical systems, notably trapped ions [2] , nuclear magnetic spins [3] and polarization states of single photons [4, 5, 6, 7, 8, 9, 10, 11] . Specific feature of the linear-optical quantum gates for photonic qubits is that the required nonlinear coupling between two photons is achieved by using interference, auxiliary photons, single photon detectors and/or conditioning [12, 13, 14, 15] . A universal quantum computer can be built with the above listed resources despite the fact that the basic gates are only probabilistic and have some finite probability of failure [12, 16] .
A major obstacle to scaling the optical schemes to higher number of qubits is the lack of a deterministic source of single photons. In the experiments, correlated photon pairs generated by means of spontaneous parametric down-conversion are utilized. Consequently, the coincidence rate decreases rapidly with the number of photons limiting current experiments to six-photon coincidences [17] . This makes it currently practically impossible to implement a given desired gate by concatenating several basic quantum gates such as C-NOTs. It is therefore highly desirable to seek other means of realizing various gates with available resources [18] .
In this Letter, we report on experimental realization of a class of entangling partial SWAP gates for polarization states of photons. The gate imposes a phase shift φ to singlet Bell state
(|H |V − |V |H ) while it leaves unchanged the triplet Bell states
(|H |H ± |V |V ). The unitary operation can be expressed as,
where Π − = |Ψ − Ψ − | and Π + = I − Π − are the projectors onto the antisymmetric and symmetric subspaces of the two qubits, respectively, and I denotes the identity operator. |H and |V denote horizontal and vertical polarization state of single photon. In this notation, the diagonal and anti-diagonal linear polarization states read
(|H − |V ), and the right-and left-handed circular polarizations are given by
The gates (1) are generally locally inequivalent to the C-NOT or C-Phase gates demonstrated previously [4, 5, 6, 7, 8, 9, 10] . This means that the gate U φ cannot be decomposed as a single C-NOT gate accompanied by single-qubit operations at the input and output. In general, sequence of up to three C-NOTs combined with single qubit transformations is required [19] which would be extremely challenging to implement with present-day technology. Our approach bypasses this hurdle by combining single-and two-photon interference to directly realize the transformation (1). We utilize balanced MachZehnder interferometer with two additional 50:50 beam splitters placed in each of its arm, see Fig. 1 . The device operates in the coincidence basis [15] , i.e. the gate is successful only if we detect a single photon in each output port, similarly as in other implementations [8, 9, 10] .
Let us describe the gate functioning in some detail. The photons impinge on the first beam splitter BS 1 where Hong-Ou-Mandel interference takes place [20] . BS 1 acts as a filter that distinguishes between symmetric and antisymmetric states of the photons. If the photons are in symmetric state, than they bunch and both end up either in the upper or in the lower arm. The only way to reach the proper output ports is that they both travel through the upper arm, one photon is reflected from BS 3 and the other is transmitted through BS 3 and BS 2 . On the other hand, if the photons are initially in the antisymmetric singlet state |Ψ − , then each photon travels through one arm and they reach the correct output ports if one photon is reflected by BS 3 while the other photon is transmitted through BS 4 and reflected from BS 2 . By changing the optical path difference the singlet state can acquire arbitrary relative phase shift φ with respect to the triplet states. It is easy to verify by direct calculation that the conditionally applied transformation is given by Eq. (1) and the probability of success is equal to 1 8 . By additional attenuation of the signal in the lower arm the interferometer could operate also as a partial symmetrization device conditionally applying filter Π + + Π − with < 1 [21] . The scheme is thus very versatile and can find applications in various areas of optical quantum information processing.
The experimental setup is schematically divided into three parts, see Fig. 1 . The first part is the source of the time-correlated pairs of photons. The second part represents the gate, and the last part serves for two-photon polarization analysis. Pairs of photons are generated in the process of type I spontaneous parametric downconversion in a non-linear crystal of LiIO 3 . The crystal is pumped by the cw Krypton-ion laser at 413 nm with power of 120 mW. The downconverted photons are coupled into two single-mode fibers and transferred to a second optical table. This is necessary in order to protect the interferometric part of the setup from vibrations caused by cooling water in the laser system. The two photons are released back to free space and the desired polarization state of each photon is set by means of half and quarter wave plates.
The second part of the setup represents the gate. As detailed above, it is formed by a standard Mach-Zehnder (MZ) interferometer with two additional balanced beam splitters in each arm. BS 3 splits out part of the beam for further processing, while BS 4 just balances the losses. Detector D MZ monitors the interference fringes. This output is polarization independent so the signal from the detector D MZ is used for active phase stabilization of the MZ interferometer.
The two-photon analysis is performed by coincidence polarization measurements between two blocks. Each block is composed of the quarter-and half-wave plate and a polarizing beam splitter (PBS), which splits the photon state into horizontal and vertical polarization components. Before detection the beams are filtered spectrally by cut-off filters at 780 nm, and geometrically by single mode fibers to ensure perfect overlap of the spatial modes. The signals from avalanche photodiodes are processed by four-input coincidence logic module. Preliminary alignment of the setup is done in three steps. First, proper function of the photon-pair source is verified. A separate fiber beam splitter is used to measure two-photon interference in Hong-Ou-Mandel (HOM) type interferometer (not shown in Fig. 1 ) [20] . Then the fiber beam splitter is replaced by two 5m long fibers. Polarization controllers (PC) on the fibers serve to adjust horizontal linear polarizations at the output of the fibers. In the second step, the beam is blocked between beam splitters BS 3 and BS 2 and the overlap of the beams on the first beam splitter BS 1 is optimized. We scan the HOM interference dip measuring coincidences between detectors D 1H and D 2H as a function of Motor 1 position. In this configuration, we have in maximum about 100 coincidence counts per second, the visibility is about 97%. Motor 1 position is placed to the minimum of the dip. As a last step we adjust the single-photon interference in the MZ interferometer. For this purpose, one input arm is blocked by the shutter in the source and the second beam splitter BS 2 is realigned. The lengths of the interferometer arms are balanced by motorized translation of one pentagon prism (Motor 2) to obtain the highest visibility of the interference fringes. Precise fringe phase scan is performed by piezo-driven translation of the pentagon in the other arm and we typically observe visibility about 98%.
In our experiment we performed full polarization analysis of the output two-photon state for various input product states. We measured two-photon coincidence counts between detectors D 1H &D 2H , D 1V &D 2V , D 1H &D 2V , and D 1V &D 2H for 9 (3×3) combinations of the measurement basis, i.e., projections onto horizontal/vertical, diagonal/anti-diagonal and right/left circular polarizations in the two output arms. The unequal detector efficiencies were compensated by proper rescaling of the measured coincidences [22] . The state analysis was made for 36 (6×6) combinations of the input polarization states |H , |V , |X , |Y , |R , and |L . We measured the gate operation for nine values of the phase shift φ in the MZ interferometer, φ = kπ/4, k = 0, . . . , 8. Each of these 2916 points was measured for 15 s. After each three measurement points the active stabilization procedure was performed as follows. The shutter blocked one arm in the source and with the help of detector D MZ the zero phase position in the fringe pattern was updated. As a result, the interferometer was stable and the overall phase drift was negligible for a period of hours. There were only small oscillations 3% of the period.
From the tomographically complete data we reconstructed the output two-qubit state corresponding to each input state. Standard Maximum-likelihood (ML) estimation technique was employed [23] . As an example, Fig. 2 shows the reconstructed output density matrix for the input state |V |H and three different values of the phase shift. For φ = 0, the interferometer should realize identity operation, and the output state is indeed almost identical with the input pure state |V |H , with fidelity F 0 = 0.947. When we set φ = π/2, the device realizes square-root of SWAP ( √ SWAP). This gate is entangling and ideally should produce maximally entangled state
(|V |H + i|H |V ). The creation of this state is clearly visible in Fig. 2(c,d) with coherence appearing in the imaginary part of the density matrix. In this case the state fidelity reads F π/2 = 0.891. Finally, for φ = π we get the output of the SWAP gate. Again, the result agrees very well with the expected outcome |H |V , and
A more comprehensive quantitative characterization of the gate operation is provided in Table 1 , which contains the fidelity F av averaged over 36 output states corresponding to input product states |j |k , j, k ∈ {H, V, X, Y, R, L}. The table also shows the minimum fidelity F min among these 36 states. Besides fidelity, another important characteristics of the state ρ is the purity, defined as P = Tr[ρ 2 ]. Ideally, all output states should be pure and P = 1. The average and minimal purities of output states are also given in Table 1 . All these data confirm that the gate exhibits very good performance. We can see that the best results are achieved for the identity and SWAP operations where the fidelities and purities are maximal. The most "difficult" operation turns out to be the √ SWAP, (φ = π/2 and φ = 3π/2). But even in these cases the average state fidelity is above 90%.
The quantum gate can be fully characterized by a completely positive (CP) map. According to the Jamiolkowski-Choi isomorphism, the CP map can be represented by a positive semidefinite operator χ on the tensor product of input and output Hilbert spaces H in and H out . In our case χ is thus square matrix 16 × 16. The input state ρ in transforms according to
Since our implementation is only probabilistic, we do not assume that χ is tracepreserving but allow for general trace-decreasing map. Combinations of input states and corresponding measurement bases represent effective measurements per- formed on H in ⊗ H out . Using ML estimation, we have reconstructed χ from the experimental data for 9 different values of φ. As an illustration, Fig. 3 depicts the reconstructed √ SWAP gate (φ = π/2). In order to quantify the quality of the operation we use process fidelity defined as
Here χ id represents the ideal unitary transformation (1), which means that χ id is effectively a pure state. The fidelities are given in Table 1 . Again, we can see that the lowest fidelity is exhibited by the √ SWAP gates, F χ = 0.906 for φ = π/2 and F χ = 0.888 for φ = 3π/2. The identity and SWAP achieve the highest fidelities, exceeding 0.94. These figures compare favorably with the values of the process fidelity of the linear optical C-NOT and C-Phase gate reported in previous experiments [8, 9, 10] . The unique feature of our scheme is that a whole class of inequivalent operations (1) can be reliably implemented with a single scheme, simply by changing the length of one interferometer arm with a piezo-driven translation.
A crucial property of the entangling two-qubit gates is their ability to generate entangled states from product inputs. Consider the input product state |Ψ in = |ψ (α|ψ + β|ψ ⊥ ), where |ψ is an arbitrary state and ψ|ψ ⊥ = 0. The output state |Ψ out = U φ |Ψ in reads
Its entanglement of formation is equal to the von Neumann entropy of the reduced density matrix of one of the qubits [1] , E f = −x log 2 (x) − (1 − x) log 2 (1 − x), where x = 1 + 1 − |β| 4 sin 2 φ /2. Entanglement provides an additional characteristics of the gate performance to the state fidelity and purity, because states with the same purity and fidelity can generally exhibit different amount of E f . In Fig. 4 we plot the entanglement of formation of the output state for four different input states |X |X , |Y |X , |H |X and |R |X . We observe good qualitative agreement with the theoretical expectations. The maximum entanglement E f = 0.815 is obtained for input state |Y |X and φ = π/2 which should ideally yield maximally entangled state in this case. The state |X |X is unaffected by the transformation U φ because it belongs to the symmetric subspace, so no entanglement is generated in this case. Finally, the inputs |H |X and |R |X involve two nonorthogonal states, |β| 2 = 1/2 and only partially entangled states are produced.
In summary, we have proposed and demonstrated linear-optical partial SWAP gate for photonic qubits. The device operates with high fidelity, is easily tunable and provides a valuable addition to the toolbox of available linear-optics quantum gates.
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